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GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA. GEORGIA 30332 
SCHOOL OF 
MECHANICAL ENGINEERING 
10 December 1980 
Dr. Donald F. Wilcock 
Mechanical Technology, Inc. 
968 Albany-Shaker Road 
Latham, New York 12109 
Subject: Stirling Engine Project 
Dear Don: 
I have just received the confirmation paper work from our Office of 
Contract Administration on this project and note that apparently 
there is not time limit on the project. Because of personnel scheduling 
here, particularly Maarten Meinders, I certainly hope that we can 
complete the project as currently described by June of 1981. This 
would require us making the two trips to MTI no later than early May 
if we are to meet this schedule. If the project, and in particular 
the second visit, should drag on beyond the end of June, it will 
seriously hamper our ability to complete the contract under the pricing 
arrangement that was agreed upon. 
Very truly yours, 
Ward 0. Winer 
Professor 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA. GEORGIA 30332 
SCHOOL OF 
MECHANICAL ENGINEERING 
20 March 1981 
MEMORANDUM 
TO: 	S. P. Kezios 
FROM: 	W. 0. Winer 
SUBJECT: Overdue Report: E25-639 (MTI) 
We have been in constant contact with the contract monitor 
(D. F. Wilcock/MTI) and have sent him the attached letter 
reports. He also visited the laboratory in December to 
get a first hand verbal report. 
jmv 
attachment: report letter to D. F. Wilcock 
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(D. F. Wilcock/MTI) and have sent him the attached letter 
reports. He also visited the laboratory in December to 
get a first hand verbal report. 
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GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 
SCHOOL OF 
MECHANICAL ENGINEERING 
20 March 1981 
Dr. D. F. Wilcock 
Mechanical Technology Inc. 
968 Albany-Shaker Road 
Latham, New York 12109 
Subject; Progress Report: P.O. #102-04197 
NASA DENS-227 
Dear Don: 
An experimental friction tester has been built to analyze the contact 
area of a stationary 0.2 inch diameter Rulon pin pressed against a 
reciprocating sapphire disk. The load is applied by means of air 
pressure (See picture 1). The forces in three perpendicular directions 
are measured by a transducer mounted behind the chuck that holds the 
Rulon pin. The signals from the transducer are then amplified by three 
separate charge amplifiers and displayed on an oscilloscope. By measuring 
the shear forces caused by friction at the contact under three separate 
loading conditions (53.4, 106.8, 160.1 N) the friction coefficient was 
found to be approximately 0.2 in all three instances. A recording has 
been made of the contact area as observed by the infrared camera (See 
picture 3) and the video signal is currently being analyzed. Areas of 
interest are: 1) temperature gradients within the contact area, 2) 
transient temperature phenomena from start-up to steady state operation. 
The camera system is currently being modified to perform repeated (2500 
Vsec) single line horizontal scans at any horizontal line chosen in the 
field. This should be very useful in taking measurements on your experi-
mental systems. 




An Equal Employment/Education Opportunity Institution 
;) - 6 3 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA. GEORGIA 30332 
SCHOOL OF 
r.!L HAN/CAL ENGINEERING 
20 March 1981 
Dr. D. F. Wilcock 
Mechanical Technology Inc. 
968 Albany-Shaker Road 
Latham, New York 12110 
Dear Don: 
Enclosed is a list of equipment to be available at MJ'I at the time 
of the infrared scanning experiment in mid-April. Items 1 and 2 
are vital while 3 and 4 would be convenient if available. 
Especially the presence of a model ]0I recorder would he desirable 
since it would save us the cost of transporting our own. 







AN EQUAL EDUCATION AND EMPLOYMENT OPPORT UNIT v INST  I  T U HON 
INSTRJJMENTh TO BE SUPPLIED BY 
1. OSCILLOSCOPE: 
Tektronix 502A or equivalent 
(must be able to be used as an amplifier) 
2. LIQIUD NITROGEN (at least SOQI 
3. HONEYINELL 101 R4 RECORDER (in available) 
(and connection cables) 
Bandwidth: 	wide band 1 
Filters: 	80 Kflz 
Channels: 	4 record, 4 reproduce 
4. DEGAUSSER: 
Capable of handling 14" reel 
El ZS- L'3 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30334 
• SCHOOL OF 
!-ttE cHANICAL ENGINEERING 
17 July 1981 
MEMORANDUM 
TO: 	Col. Cantlebary 
FROM: 	Jackie Van Hook ` L. 	)61 11 ' 
SUBJECT: Overdue reports list 
E25-639 final report will be sent to Don Wilcock at MI1 next Tuesday. 
They will incorporate it into their report. We have already submitted 
our draft copy to them (date 9 June 1981). 
E25-639 progress reports were submitted by means of a visit from Don 
Wilcock to our laboratory earlier this year. During the week of the 
14th of April, Maarten Winders (M.S. Student) visited the MTI facilities 
at Latham, New York. After he had the equipment set up Dr. Winer joined 
him for their meeting with Dr. Wilcock. 
I spoke with Dr. Wilcock today and he asked me at that time to make 
a slight change in the text and mail the report to him. 
jmv 
AN EQUAL EDUCATION AND EMPLOYMENT oPpoin UNITY INSTITUTION 
GEORGIA INSTITUTE OF TECHNOLOGY 
ATLANTA, GEORGIA 30332 
2;50 5EevE5 
9 June 1981 
Dr. D. F. Wilcock 
Mechanical Technology Inc. 
968 Albany-Shaker Road 
Latham, New York 12109 
Subject: Proposed report for MTI, P.O. No. 102-04197 
Dear Don: 
Attached is a draft of your proposed report. It is a modification of Maarten's 
thesis. If it is not satisfactory, I'm afraid you may have to wait until next 
October when I return to massage it. If it is satisfactory, let Jackie know 
and she can see that final copies are made to transmit to you. 
We enjoyed working with you on this project. Attached is a copy of my summer 
schedule in case you want to contact me. Have a good summer sailing. 
Sincerely yours, 




cc: Maarten Meinders 
SCHOOL OF 
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AN EQUAL EDUCATION AND EMPLOYMENT OPPORTUNITY INSTITUTION 
DRAFT COPY 
FINAL REPORT 
MTI P.0.# 102-04197 
THERMAL BEHAVIOR OF STIRLING ENGINE SEALS 
Principal Investigator: 
Ward 0. Winer, Professor 
Graduate Research Assistant: 
Maarten A. Meinders 
Prepared for: 
Mechanical Technology, Incorporated 
968 Albany-Shaker Road 
Latham, New York 12109 
June, 1981 
GEORGIA INSTITUTE OF TECHNOLOGY 
School of Mechanical Engineering 
Atlanta, Georgia 30332 
ABSTRACT 
A system has been developed to perform a computer analysis 
on surface temperature data in tribological systems, taken by an 
infrared radiation scanning device. The infrared scanner which 
normally scans 25 fields per second at 100 lines per field has been 
modified to scan any single line at 2500 lines per second. The 
system was used to analyze four friction experiments as part of 
of a thermal behavior study of stirling engine seals in cooperation 
with Mechanical Technology Inc. (MTI), Latham, New York. The 
friction experiments involved two tribo-pairs: Rulon on steel 
and Rulon on sapphire. 
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This report describes the development and utilization of a 
scanning infrared temperature measurement system as part of a thermal 
behavior study of stirling engine seals in cooperation with Mechanical 
Technology, Inc. (MTI), Latham, New York under Purchase Order Number 
102-04197. 
The development included: 
1. Development of software for data analysis on a digital 
computer. 
2. Modifying the infrared scanner to scan any desired line 
within one field repetitively at a rate of 2500 lines 
per second. 
3. Checking out the data system on a simple low speed 
reciprocating contact apparatus. 
4. Assisting MTI at Latham, New York in using the infrared 
scanner and data reduction system to make thermal profile 
measurements in the rub exit zone for a) Rulon on nitralloy 
(a low alloy steel), and b) Rulon on sapphire. 
5. Assisting MTI at Latham, New York in using the infrared 
scanner and data reduction system to measrue exit tempera-
ture profiles on a pumping ring seal operating in the MTI 
pumping ring test apparatus. 
Previous infrared radiation measurements have been made by 
Nagaraj [1] who used a Barnes Rm 2A single spot microscope detector. 
This instrument however has no automatic scanning feature and is of 
limited use in moving contacts. Kool [2] later studied the applicability 
2 
of an AGA 750 scanning device to tribological systems and found it to 
be useful. However, area resolution and interpretation of the thermo-
gram produced by the camera was a problem. The temperature measurement 
techniques described in this report is a continuation of Kool's work 
in that a digital computer is used to reduce the data rather than 
visual interpretation of the thermogram. A diagram of the system can 












Figure 1-1. The Total System 
CHAPTER II 
INSTRUMENTATION 
The computerized infrared analysis system as illustrated in 
Figure 1-1 requires a variety of instruments each of which needs to 
meet very specific specifications in order to contribute to the total 
system. In addition it is of vital importance that a proper communi-
cation link is established between the various components. This 
chapter describes the relevant capabilities and limitations of each 
instrument as well as the procedures used to determine these limita-
tions. 
A. The AGA 750 Thermovision Camera  
The AGA 750 is the eye of the total system and the first link 
in a chain of four instruments (See Figure 1-1). It is an optical 
scanning device which converts electromagnetic thermal energy radi-
ated from an object into electronic video signals. Electromagnetic 
energy radiated by an object is focussed by lens into an eight-sided 
prism that rotates around a horizontal axis and thus causes a vertical 
scanning motion (see Figure 2-1). This prism is rotated at 3.125 rps 
by a d.c. motor. The optical output from the vertical prism is passed 
through a second prism which rotates around a vertical axis at 312.5 
rps and thus causes a horizontal scanning motion. The rotation of 
both prisms is controlled by two slotted discs which rotate on the same 
shafts as the respective prisms. The rotating slotted discs are 
6 
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Arrangement of eteCtrO-Optical component'. 
Figure 2-1. The AGA 750 
8 
electronically connected to the horizontal and vertical triggering 
circuits, to provide horizontal and vertical trigger pulses to the 
monitor. These pulses also control the speed of the vertical and 
horizontal prism motors to synchronize their rotation. 
Output from the horizontal prism is passed through a set of 
relay optics containing a selectable aperture unit and a filter cassette 
unit and finally focused onto , a single element point detector located 
in the wall of a dewar chamber. Liquid nitrogen coolant (LN 2) main-
tains the chamber at a temperature of -196 °C thus causing the detector 
to be sensitive to the 2 - 5.6 pm infrared wavelengths. The detector 
produces an electronic signal output which varies in proportion to the 
radiation from the object. This signal is amplified within the scanner 
unit and produces a video signal which is applied via an interconnecting 
cable to the black and white monitor chassis [3]. 
Two infrared lenses can be used with the camera, one with a 
seven degree field of view and the other with a 20 ° field of view. 
For close-up work three extension rings of the following lengths were 
used: 
ring 1: 12 mm 
ring 2: 21 mm 
ring 3: 66 mm 
These rings can be mounted between the lens and the camera body and 
permit a significant reduction of the working distance of the camera. 
An evaluation of their usefulness can be found in Section C of Chapter 
II. 
9 
In addition to the features described above a special "remote 
control" unit was built which allows the vertical scanning prism to 
be stopped and single-stepped through any angle at a step size of 
approximately 800 steps per complete revolution. This allows the 
operator to fix any horizontal line within the field of view and scan 
it at a rate of 2500 lines per second (the scanning rate of the 
horizontal prism). A digital counter indicates which line in the 
picture is being scanned. When operated in this single line scanning 
mode the monitor display will display each consecutive line scan 
right below the previous one, until 100 lines are displayed after 
which a V T P occurs and the next line is again started at the top 
of the screen. 
Rather than having each VTP occur at every hundred horizontal 
scans the remote control unit also allows for external triggering. 
This is accomplished by a small infrared transmitter-receiver device 
that causes a trigger pulse to occur each time the infrared beam 
between the transmitter and receiver is interrupted by a chopper 
linked to the moving mechanism to be observed. (See Figure 2-2). 
This feature is particularly useful when observing reciprocating 
machinery since VTP's synchronized with the mechanical cycle provide 
information concerning the absolute location of the reciprocating 
mechanism. 
B. The AGA 750 Scanning Pattern  
The scanned field as produced by the monitor is controlled by 
horizontal and vertical trigger pulses. The beam starts at the left 
REFLECTING SUFACE 
/All l / l l / i l l/i l l/  
Figure 2-2. The External Triggering Device 
10 
11 
upper corner of the video screen triggered by the coincidence of a 
vertical and horizontal trigger pulse (VTP and HTP). The beam sweeps 
to the right and downward until it reaches the right hand edge of the 
field. While its downward motion continues as a result of the con-
tinuous motion of the vertical prism a new HTP instantaneously forces 
the beam back to the left hand side of the field from where its motion 
downward and to the right continues. 
After 100 HTP's the beam will cross the lower edge of the field 
and is drawn back to the top of the field by a VTP. This however occurs 
at an x-position shifted to the right by one quarter of a field width 
as compared to its x-position at the occurrence of the previous trigger 
pulse. This is caused by the fact that the horizontal prism rotates 
at 100-1/4 times the rotational speed of the vertical prism. 
This phase difference results in the so-called interlacing 
effect. Rather than the beam tracing its exact original path each time 
a VTP occurs it does so at every fourth VTP. Each consecutive VTP 
starts the beam off at a point where it will trace a path shifted 
downward one fourth the original distance between two lines. This 
causes the next three fields to fill in the space between the lines 
scanned during the scanning of the first field (See Figure 2-3). Four 
interlaced fields are called a "FRAME". 
C. Determination of Spatial Resolution  
1. Procedure  
In order to obtain a relative measure of the spatial resolution 
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Figure 2-3. Scanning Pattern of the Thermovision 750 
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mounted between the lens and the camera)the following test was devised: 
A sheet of carbon steel 0.014 can thick with a series of 25 holes 
drilled in it varying from 0.343 mm to 1.18 mm was mounted in front of 
a flat walled container whose sides were painted flat black. The 
container was filled with water and heated to approximately 90 °C by 
means of an immersible electrical heater. The camera was placed in 
front of the steel sheet and focussed such that the radiation measured 
through each hole was maximized. This was verified by means of an 
oscilloscope. 
The test pattern of holes was drilled in such a way that the 
camera could always see at least one test hole next to a reference 
hole. (See Figure 2-4). 
The camera was aimed at the top of the test pattern and lowered 
vertically, maintaining the front of the lens parallel to the surface 
of the metal sheet. The respective levels of infrared radiation passing 
through the holes were then recorded with the Honeywell 101 recorder. 
This procedure was repeated using several combinations of extension 
rings in combination with the 20 ° lens as well as the 7 ° lens. The 
object of this test was to find the smallest test hole that would 
appear to transmit the same amount of radiation as the large reference 
hole located next to it. This would be indicative of the smallest 
spotsize the camera could resolve. Any apparent attenuation of the 
radiation passing through the test hole would indicate that the camera 
was integrating some of the colder area surrounding the hole. 
2. Results  








Figure 2-4. The Spatial Resolution Test Pattern 
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15 
lenses and extension rings used. The results can be found in Figures 
2-5 and 2-6 where the percentage of radiation measured relative to the 
reference hole is plotted against the test hole diameter for several 
combinations of extension rings and lenses. From these curves it 
can be seen that the optimum resolution was attained using the 20° 
lens in combination with extension rings no. 1 and no. 2, resulting 
in a minimum spot diameter of approximately 1 mm at 100 percent 
radiation measured. 
However, by aiming the camera directly at the black side of 
the container at a uniform temperature of 90°C, it was also found 
that using this combination of lens and extension rings the signal 
was seriously attenuated at the edges of the lens. Instead of seeing 
a flat voltage profile on the oscilloscope the signal resembled a 
triangle with the peak in the center of the screen. This phenomenon 
must be attributed to distortion caused by the lens. 
This discovery prompted us to record the signal attenuation 
for all the different lens-extension ring combinations. The resulting 
attenuated signals can be found in Figure 2-7. From Figure 2-7 it can 
be seen that the combination of the 20° lens with extension ring 1 as 
well as (1 + 2) creates an unacceptable amount of distortion as well 
as the 7° lens combined with rings nos. 1 and 2. 
It was also found that the slope of the distorted signal was 
not constant, but varied according to the temperature of the observed 
surface. Therefore in trying to find the absolute temperature of an 

























Figure 2-5. Spatial Resolution of the AGA 750 
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Figure 2-6. Spatial Resolution of the AGA 750 
20 ° lens rings 1 + 2 
20° lens ring 2 
20 ° lens ring 1 + 2 + 3 
18 
Figure 2-7. Lens Distortion using Different Extension Rings 
7° lens ring 3 
7° lens ring 1 + 2 + 3 
7 ° lens ring 1 + 2 




mathematically for the attenuation of the signal at the edges of the 
screen since the temperature must be known to know the amount of 
attenuation. The findings of the resolution test are summarized in 
Table 2-1. 
The conclusion was that for our purpose all combinations but 
one (the 7 ° lens with extension ring no. 3) were unsatisfactory, 
mainly because of the amount of distortion caused by the lens. Of all 
choices the 7 ° lens with extension no. 3 offered the maximum resolu-
tion possible (nine spots per line) with an acceptable amount of dis-
tortion. This is not to say that all other combinations of lenses 
and rings may not be valid in different applications. Especially the 
20 ° lens and rings nos. 1 and 2 combination could be very useful for 
observing small objects when they can be positioned in the exact center 
of the screen. 
D. Calibration Procedure for  
Camera Voltage Levels  
In order to use computer analysis for temperature measurements 
a relationship had to be established between radiation seen by the 
camera and voltage level outputs by the video pre-amp. 
A Barnes blackbody infrared radiator was used as a calibrated 
temperature source and varied in temperature from 60C to 230C at 15C 
intervals. The corresponding voltage output from the pre-amp was 
monitored on an oscilloscope. This procedure was repeated for all 
camera apertures. 
The temperature values were converted into isotherm units using 
the AGA supplied HP-65 programs for temperature to isotherm conversions. 
Table 2.1 Camera Resolution using Different Extension Rings 
Object 	 Spotsize 
to tip Field Diameter 	Nimd)er of Resoluble 
Extension of Lens of View at 501 Spots Der Scanned 	Lens Distortion 	Comments w.r.t. 
	
Lens 	Rings 	(nm0 	(mm) 	(mm) 	At 100% 	Line per 10M (See Figure 	) our Application 
20° 1+2 89 17 0.43 0.98 17 	 very much unacceptable* 
2 	70 	12 	0.33 	1.4 	 9 	 much 	 not recommended 
(1+2+3) 	46 	4 	0.57 	2.4 	 2 	 very little 	 unacceptable 
7 ° 	3 	161 	16 	0.56 	1.8 	 9 	 little 	 most useful 
(1+2+3) 118 	11 	0.46 	1.7 	 6 	 very little 	
useful but 
limited resolution 
(1 + 2) 	 much 
*761- limited use if object can be centered exactly 
22 
(See Figures 2-8 and 2-9). This resulted in a direct relationship 
between voltage and isotherm units (radiation level) independent 
of aperture. These data were plotted and correlated, by means of 
a linear regression the following equation resulted. 
I = 165.46V + 8.4513 
with a correlation coefficient of r2 = 0.976, where 
I = radiation in isotherm units 
V = voltage in volts . 
The conversion of isotherm units to temperature as supported by the 
HP-65 programs is of the following form 
T = in(I) 
B  
 - Zn(A) 	273C  
where A and B are empirical constants dependent on the aperture of the 
camera. These constants and their corresponding calibration curves 
can be found in Figures 
These curves correspond to the standard f-stop settings on the 
camera. However, whenever extension rings are mounted between the 
lens and the camera, the f-stop is changed to one for which no standard 
curves are available. In that case, the closest standard curve with a 
smaller f-stop is used to calculate temperatures and the answer is 
corrected by means of a correction factor. The exact procedure can 
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Figure 2-9. AGA Standard Calibration Curves 
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E. The Honeywell 101 Tape Recorder  
The Honeywell 101 is the second link and can be called the 
primary memory of the system. It's function is to temporarily store 
the continuous stream of video data coming from the AGA 750 so that 
it can be analyzed at a later time and at a slower rate suitable for 
computer analysis. The Honeywell 101 is a high quality magnetic tape 
recorder with built-in microcomputer control. It has eight tape 
speeds and up to 14 record and reproduce channels. In addition it 
also has both direct as well as FM record and reproduce capabilities. 
We chose to use FM because it was able to cover a signal frequency 
range of zero to 80 kHz at a signal to noise (S/N) ratio of 50 dB. 
These specifications are sufficient to adequately record the AGA 750 
video signal which requires a frequency response of DC to 80 kHz at 
a minimum S/N ratio of 46 dB. 
The multichannel and multispeed capabilities allow us to record 
the signal as well as the HTP's and VTP's on different channels at 
120 ips while reproducing them later at 7.5 ips, thus reducing the 
maximum signal frequency by a factor 16, suitable for A/D conversion. 
F. The AR-11 A/D Converter  
The AR-11 is the third link in the system and its function is 
to translate the continuous signal played back from the Honeywell 101 
into a form which can be understood and analyzed by a digital computer. 
This process is called analog to digital conversion (A/D conversion). 
For a more detailed description of this process, see Chapter III, 
section A. 
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The AR-11 has a ten bit conversion accuracy which means it can 
distinguish one part in (2) 10 . The conversion time is approximately 
43p seconds. It's primary advantage is that it is built into the PDP-11 
minicomputer and can be operated by means of a program written in PDP-11 
assembly language as well as BASIC. (See also Chapter III, section A.) 
G. The PDP-11/10 Minicomputer  
The PDP-11 is the fourth and final link and forms the brain of 
the system. It takes the information, translated by the A/D converter, 
and reduces it to useful information in the form of graphs, tables or 
single numbers. 
The PDP-11/10 minicomputer is a 16 bit word machine with 28K 
word magnetic core memory. 24K words of memory are available 
to the user. The machine is equipped with a CAPS-11 magnetic cassette 
tape mass storage system and an operating system that supports BASIC 
computer language. A built-in AR-11 module allows the user to perform 
software controlled A/D conversions either in BASIC or assembly language. 
Interactive graphics in BASIC is possible by means of a GT-40 random 
scan graphics terminal. 
These last two features especially made the use of the PDP-11 
attractive since digitized data could easily be displayed and manipulated 
on the graphics screen. 
H. The EXPLORER III Digital Oscilloscope  
In addition to the instruments mentioned before we also made use 
of a digital oscilloscope manufactured by Nicolet Instrument Corporation. 
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The Explorer III oscilloscope is a versatile instrument that allows 
us to look at a signal, store it in digitized form in a 4K memory and 
plot it on an x-y plotter. The Explorer III has a built-in 32K floppy 
disk unit which allows it to store eight 4K signals or 32 1K signals. 
The maximum digitizing rate is 2 MHz and the resolution is 0.025 per-
cent. Once data have been "frozen" on the screen they may be inverted, 
moved, added, subtracted, expanded, erased or output to a pen recorder. 
The main advantage of this instruments to this project is its 
capability to freeze signals and output them to a pen recorder, which 




Programs (software) were written to instruct the A/D converter 
and the computer how to go about collecting and analyzing the stream 
of data coming from the Honeywell 101. This chapter describes the vari-
ous considerations that had to be taken into account to accomplish 
accurate data transfer and interpretation and how they were implemented 
in the respective computer program algorithms. 
The respective program listings can be found in Appendix H and I. [ 4 ] 
A. Computer Analysis Considerations  
Because of the nature of a digital computer any analog (continu-
ous) signal to be analyzed must first be converted to a digital form 
(discrete points). This is accomplished by feeding the signal through 
an analog to digital (A/D) converter. The critical parameters in A/D 
conversion are speed and accuracy. Typical values for high speed and 
high accuracy (resolution) are 20 psec/conversion or less and 16 bit 
accuracy (1 part in 65536). 
The PDP-11 minicomputer that was used for data analysis con-
tains an A/D conversion module (AR-11) that is software controlled. 
The accuracy is 10 bits (one part in 1023) and the conversion speed was 
found to be approximately 43 psec which classifies it as a medium-fast, 
medium-accurate converter. 
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Because of its complex nature the data analysis would have to be 
done in a high level computer language which also suggested the use of 
a high level language to drive the software controlled A/D converter. 
Since the PDP-11 supports BASIC some extensive tests were taken to 
determine the applicability of pre-written BASIC subroutines for A/D 
conversion. It was found that the use of BASIC decreased the speed of 
the A/D converter by a factor ten and only 2300 conversions per second 
could be made. Since it takes a minimum of ten points per period 
to reasonably describe a sine wave this suggested that the maximum fre-
quency of any signal to be digitized would be limited to 200 Hz: This 
was clearly inadequate in the light of the fact that the maximum video 
frequency as recorded on an FM recorder even after having been reduced 
by a factor 16 could still be as high as 2500 Hz. 
A second problem was that in order for the convertor not to limit 
the spatial resolution of the camera, at least 100 points per horizontal 
scanning line would have to be converted. This would require a minimum 
of 10,000 words of computer memory per field digitized, just for data 
storage. Because the PDP-11 contains only 24K (24 x 1023) available 
words of memory 16K of which is taken up by the BASIC interpreter in 
addition to the memory space required to store a program, there would 
not have been enough core memory space available to store half of a field. 
This justified the decision to separate the A/D conversion process 
from the analysis stage so that a low level language could be used to 
digitize the data at greater speed and less memory. 
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It was found that a program could be written in PDP-11 assembly 
language capable of driving the AR-11 converer at 23,000 conversions 
per second while leaving approximately 20K words of memory for data 
storage. This was clearly sufficient for our purpose. The program 
that resulted is capable of selecting any specified field as recorded 
on analog tape to be digitized. It will then proceed to fill up about 
9,700 words of core memory with digitized data points after which it 
writes all data on cassette tape in the appropriate format so that the 
data can later be analyzed by a program written in BASIC. 
B. A/D Conversion Considerations  
The AR-11 A/D converter resident in the PDP-11 can be programmed 
to operate in the range of -2.5V to 2.5V as well as OV to 5V. For our 
purpose we chose the 0 to 5 volt range, meaning that the AR-11 can dis-
tinguish any signal between 0 and 5 volt at intervals of 4.888 x 10 -3 
volt. (5/1023). This implies that in order to benefit most from this 
fixed resolution, the signal being fed into the AR-11 should always be 
amplified or attenuated such that its total amplitude range spans 3V. 
Any range less than 5V would decrease the accuracy of the A/D converter 
while any range greater than 5 volt would cause saturation. 
In the case of our specific application there is the added com-
plication that the signal output by the interface between the AGA 750 
and the Honeywell 101 is inverted and thus spans a range from 0 to -1 
volt. 
This problem was solved by using a Tektronix 502A dual beam 
oscilloscope to invert and amplify the signal until it satisfies the 
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requirements for optimal A/D conversion. The Tektronics scope proved 
particularly useful for this purpose because of its following features: 
a) large amplification range, 
b) large DC offset capability, 
c) standard input channel which always causes the 
signal to be inverted (180° out of phase), 
d) ability to monitor two signals simultaneously 
on the screen. 
The exact procedure for this set up is found in Appendix B. 
C. Description of Trigger Pulse Timing  
In order for the computer to be able to reconstruct the data 
in intelligible form it is important that the assembly program keeps 
accurate track of all vertical trigger pulses (VIP's) and horizontal 
trigger pulses (HTP's) since they are the only reference points in a 
continuous stream of data. 
In order to accomplish this order the VTP's and HTP's are 
recorded separately from the video signal on independent channels and 
fed into the computer on separate channels. When displayed on an 
oscilloscope where the two pulses are superimposed on each other with 
the VTP inverted, the picture looks like Figure 3-1. This picture 
illustrates that the VTP and HTP are out of phase and that each con-
secutive VTP is shifted over to the right one quarter, thus causing 
the interlacing effect. 
The camera generates 2500 lines/sec. Therefore one line is 
scanned in 400 psec. Since the data are recorded at 120 ips and played 
back at 7.5 ips, Table 3-1 can be generated. 
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Table 3-1. A/I) Timing Chart 
TAPE SPEED 	 120 ips 	 7.5 ips  
line frequency 	 2500 lines/sec 	156.3 lines/sec 
line scanning time 	 400 psec 	6400 psec 
V.T. duration 	 35 psec 	 560 psec 
H.T. duration 	 80 psec 	1280 psec 
maximum conversions per line (at 43 psec/conv) 
maximum conversions per V.T. (at 43 psec/conv) 





D. The A/D Conversion of Data Collecting Algorithm  
The PDP-11 has a core memory of 28K words or 56K bytes. 4K words 
at the top of the memory are not available for general use. When the 
assembly program is loaded, the following memory allocation is estab-
lished. (See Figure 3-2) 
After all variables are initialized the program requests six 
input parameters: 
1. # of fields to skip before digitizing the first field 
2. total # of fields to digitize 
3. # of fields to skip in between each digitized field 
4. # of lines to skip in each field before digitizing 
the first line 
5. total # of lines to digitize in each field 
6. # of lines to skip between each digitized line. 
All these parameters should be entered as decimal integers. As soon 
as the last parameter has been entered the program starts to make a 
series of A/D conversions on channel three of the A/D converter until 
a starting pulse of at least 0.8 volt is found. This starting pulse 
has been pre-recorded on a separate channel on the Honeywell 101 and 
is a reference point for the computer. 
As soon as the starting pulse is found the program abandons 
channel 3 and shifts to channel 2 to look for a vertical trigger pulse 
which would indicate the start of a field. As soon as a VTP is found 
the program checks how many fields (and thus VTP's) it was supposed 
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Figure 3-2. PDP-11 Memory Allocation 
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found a VTP. If not enough have been skipped it proceeds with checking 
channel 2 for new VTP's, discarding the next 16 checks in order to 
allow the previous VTP to vanish. Every time a VTP is found a special 
mark (#4000B) is stored in the data buffer. As soon as the appropriate 
amount of fields has been skipped the program assumes it has found the 
top line of a new field and shifts to channel zero to start converting 
the video signal. The first 160B (one hundred sixty octal) conversion 
are discarded since the program has no way of telling where on the top 
line it found the vertical trigger pulse. (Only one in every four trigger 
pulses starts at the beginning of a line.) It then shifts to channel 
one to look for a HTP. As soon as a HTP is found the program now knows 
for certain that it has found the beginning of the third line from the 
top. It then checks how many lines it was to skip and discard a 
corresponding number of HTPs. When the first line to be converted is 
reached a HTP mark (3000B) is written in the data buffer and the program 
switches to channel zero to convert the signal. One hundred sixty-five 
octal data points per line are being converted and immediately stored 
in the data buffer. After 165B conversions, the program knows it has 
almost reached the end of the line and switches back to channel one to 
look for a horizontal trigger pulse. When found, another HTP mark is 
written in the data buffer and the procedure repeats itself. Whenever 
a certain amount of lines is to be skipped between lines the program 
simply discards those digitized data during the specified amount of 
HTPs. The program will then repeat the search procedure for VTPs while 
discarding as many VTPs as needed between the. last digitized field 
37 
and the next one. Since the maximum number of lines that will fit on 
a 150 foot cassette is approximately 80, it is vital that the number of 
lines to digitize times the number of fields to be digitized does not 
exceed 80. 
The program finishes by placing 41B End-Of-File (EOF) marks in 
the data buffer and stores the memory location of the last EOF mark. 
Finally the program terminates the A/D conversion cycle and proceeds 
to rewind the cassette and writes a header record to get the cassette 
ready to accept the data. 
Before the data can be written on tape they first need to be 
converted from binary to decimal according to the standards of the 
AMERICAN STANDARD CODE for INFORMATION INTERCHANGE (ASCII). The ASCII 
code for number zero through nine is 60B through 71B (See Appendix A) [4]. 
Each data word is retrieved sequentially from the beginning of 
the main buffer and converted to eight bytes of ASCII code. These 
bytes are stored in an intermediate Buffer (ASCII Buffer) that can hold 
128 bytes. As soon as the ASCII Buffer is full it is "emptied" on 
cassette tape after which the next block of data is read from the main 
buffer into the ASCII Buffer. (The exact procedure can be found in 
Appendix A.) This procedure continues until the end of the main buffer 
is reached. The program then terminates the tape write by writing a 
so-called "sentinel file" which marks the logical end of the tape. The 
tape then rewinds and the program is automatically restarted, ready 
to accept a new cassette. 
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E. The Data Analysis Programs  
The software to analyze the digitized data is written in BASIC 
and consists of five programs each capable of performing different 
functions. The division into five different programs was necessary 
because of limited core memory space which did not allow for one large 
program capable of performing all desired functions. This section 
describes the different programs and their capabilities. Program 
listings and user instructions can be found in Appendix H and I. [4] 
Program MAIN  
The purpose of this program is to allow the user to display 
the signal of one individual horizontal scan as a function of voltage 
versus position along the scan on the GT-40 graphics screen. Because 
of the detailed information that can be extracted by this method, this 
is the primary program that will be used for data analysis. It is 
designed such that the user can analyze the signal using interactive 
graphics. This means that the program displays a "menu" of commands 
on the screen each of which can be executed by simply pointing the 
light pen at the desired command. 
The program runs in two modes: scanning mode and analysis mode. 
In scanning mode the user can instruct the program to display any line 
and if so desired to keep displaying consecutive lines as well as rewind 
the data tape to the beginning of the data file in order to display 
previous lines. When the user desires to analyze a particular line 
he can enter the analysis mode by aiming the light pen at the word 
"analyze" in the menu. This causes the whole menu to be changed to 
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analysis commands. 
In analysis mode the user can identify one particular point in 
the picture as being a reference point. This is done by aiming the 
light pen at a point on the graph. As soon as this is done the program 
will request the temperature, f-stop used and emissivity at that point. 
From that moment on the temperature an any point on the line scan can 
be obtained by aiming at it with the light pen and entering the emis- 
sivity at that point. The temperature will be displayed on the graphics 
screen. Analysis mode will also allow the user to quickly find the 
highest and the lowest temperature in the picture as well as the average 
temperature of a region between two points identified by the light pen. 
The average is determined by the program by adding up the voltage values 
of all points between the left and right limit indicated with the light 
pen and dividing the sum by the total number of points. This average 
voltage value is then converted to an average temperature value as dis-
cussed on page 41. One can switch back to scanning mode by aiming the 
light pen at the word "exit". 
After a reference point has been identified and the data tape 
has been rewound to the beginning of the data file the user can use 
the "auto-scan" feature to determine the temperature of a single point 
or average value of a fixed region on each scanned line as it varies 
with each line. After identifying the x coordinate(s) of the point(s) 
to be examined the program will automatically scan each line, find 
the temperature of the desired point or region on that line and "dump" 
that value on another digital cassette mounted on cassette drive zero. 
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This cassette will later be accessed by program "PLOT" (see page 43) 
which will plot the values dumped on this cassette as a function of 
time. 
In determining the absolute temperatures within a scanned field 
the computer makes use of a set of standard calibration curves (See 
Figures 2-8 and 2-9) that have been supplied by the camera manufacturer. 
These curves can be mathematically described by the following 
equation: 
I = A x exP 273 + T 
where A and B are constants 
I = isotherm level 
T = temperature 
For each standard f-step setting of the camera there is a specific 
constant A and B resulting in a unique relationship of I as a function 
of T. 
Before any absolute temperatures can be determined within a 
field the computer must know the absolute temperature of at least one 
reference point. This is Tra which has a corresponding digitized 
voltage level Vra associated with it. 
When the temperature of a point within the field is desired, 
the operator identifies this point with the light pen. The computer 
finds the voltage level corresponding to that point (Vo) and calculates 
a corresponding isotherm value for that point using the experimentally 
determined relationship (See Chapter II, Section D) 
Io = 165.46 X Vo + 8.4512g . 
Similarly, it calculates the isotherm level I r of the reference point 
from its voltage level, and subtracts them to find the difference: 
AI = I r - Io  . 
The program then uses the known absolute temperature of the reference 
point to determine the corresponding absolute isotherm level I ra using 
the standard calibration curve equation corresponding to the aperture 
setting of the camera: 
Ira = A X exP 273 	+ T
ra 
The absolute isotherm level of the object point can now be found: 
I oa = Ira - AI 
which allows the program to calculate the absolute temperature of the 
object point using the inverse calibration curve equation 
B T - oa 2n (I oa) - Zn (A) 
273 . 
When extension rings are placed between the camera and the lens, 
the f-stop of the camera is changed to one for which no standard calibra-
tion curves are available. However, since the amount of radiation 
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received by the detector should vary proportionally to the square of 
the f-stop, it is possible to use the calibration curve of the closest 
smaller f-stop and correct for the difference in radiation by multiply- 
ing the constant A of the calibration curve by a correction factor equal 
to: 
2 
f2) C = 
1 
where 
f2 = f-stop with extention ring 
f1 = closest f-stop less than f 2 for which a calibration 
curve is available. 
From the set of calibration curves, however, it can be seen that, 
for a constant temperature, the isotherm level does not vary propor-
tionally to the square of the f-stop but rather by a constant factor 
of approximately 1/1.8. 
In order to correct for that, our final correction factor should 
be 
2 	1 
where f3 = closest f-stop greater than f2 for which a calibration curve 
is available. The standard isotherm curves are fitted to the following 
2 1.8 C= 





I = A x e3q3 273 + T 
where A and B are experimentally determined constants. 
Any non-standard aperture curve should also follow this expression 
and have a unique value for A and B. However, multiplication of a stan-
dard isotherm curve by a factor C 2 amounts to correcting only for A. The 
reason the introduced error is not significant is that the constant B 
varies less than one percent for all the standard aperture curves and can 
safely be assumed to be constant. 
Program PLOT  
This program allows the user to plot the data that were dumped 
by program MAIN as a function of time. This is particularly useful if 
one is interested in temperature changes at one point (or region) of an 
object as they occur over a time period. The user must indicate whether 
the data were obtained from the camera operating in "field scan mode" 
(normal operation where both prisms were rotating) or in "single line 
scan mode" (where the vertical prism was stationary). When in "field 
scan mode" the program will plot the dumped value of one particular 
line in each field as a function of that field. However, since each 
field was scanned in 1/25 of a second the x-axis of the plot is given 
in increments of 1/25 of a second. In addition to plotting the dumped 
value of one single line, the program also allows for plotting the 
average of the dumped values of a series of consecutive lines as a 
function of time. This is of particular value if the dumped values 
43 
44 
were average values over a certain part of each line rather than single 
points. The plot will then represent the average temperature value of 
a square region of the object plotted against time, rather than a single 
point. Usually this is more significant than plotting the value of single 
points since the camera has a finite resolution and therefore already 
averages the signal over a certain finite region. 
When operated in "single line scan mode" the program will display 
the dumped values as a function of line scan number. Besides graphical 
output on the GT-40 graphics screen the program can also produce a hard 
copy output in the form of either a plot or a table produced on a 
printer terminal. A hard copy plot will be a rough copy of the plot 
on the graphics screen while a table will consist of the printed values 
of "field #", "temperature", "voltage", "minutes" and "seconds". If 
the option of a short table is chosen only the values of "temperature" 
and "seconds" will be printed. In single scan mode the option of a 
long table is not available and only the values of "temperature" and 
"scan #" will be printed. 
Program QUICK  
This program allows the user to take a quick look at the "raw" 
digitized values and the horizontal and vertical trigger pulse marks 
as they have been written on tape by the assembly program. This is 
particularly useful in case there is any doubt that the assembly program 
has not skipped the right amount of fields or lines. This can quickly 
be verified by counting the number of HTP and VTP marks as displayed 
on the screen. The data are displayed in five columns on the screen 
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until the screen fills up. The next block of data will be displayed 
by typing any one digit number followed by a carriage return. EOF 
marks will have a value of 3584B. VTP marks will have a value of 2048B 
while HTP have a value of 1536B. For easy identification the HTP marks 
will appear as blinking numbers. 
Program ISO  
Program ISO plots the digitized data on paper in a two-dimensional 
matrix while assigning a value of one to 20 to each point depending on 
what its digitized value was. Values greater than ten were assigned 
alphabetical characters starting at A = 11. The map thus produced 
clearly identifies regions of approximately equal temperatures and can 
be enhanced by drawing lines around each region. Although it is not 
possible to assign actual temperature values to the isothermal regions 
because of limited memory space of the computer, the isothermal map 
can be very useful in locating "hot spots" and steep thermal gradients 
(See Figure 3-3). 
Program NAP  
This program will read the digitized data from the cassette in 
drive #1 and display them on the GT-40 graphics screen in a matrix while 
assigning different intensities to each data point, based on its 
digitized value. The result is a rough picture of what one scanned field 
or part thereof looks like. This program can be helpful in identifying 
the different objects the camera looked at when the recording was made. 
No hard copy output is available from this program. 
46 
AEC - E CAA9 
CCDC 	DEA09A86 
I,?/,92. DDE.DCDC 'AZ 786 
° ,1:.17'A ff.. T. t.. F 3 C.-- D 3 7.3 A 
' ',.; I A ' F F. F 	 ..., G 	3 =9 1,......../- b (,:.:733 1dFFHGJ 7 FFDCC90 
11.;:l rk:Vi":_VIFGJGJ -3GG 	C C k 3' 9 
1  'D C( G G J G J 9 H G --7 D DLO 9 1 q . ' 
1 1 6,„: D pi ; G H „ Jiiii H H F D D (Al 9 9 
1 .61,',C rE: I, H 13',..1 J H J HG G D 
1 - •\\ 3,\ i E rrl 1.5J J 11-1 J H G. G. 	D C 
.k*F Gii /J Ji H J H G H ' D 
\. \9
.\ 
 ! F 	7:‘i JHHJHGHF 
\)_ \*- v.. 7 	J J \li H G F 
\)\.A, D F H G J J J ) H G F 
1 \., 	7HFJJUHIFD ,,, 
F HLJ J EEDA0 
PIN MOVEMENT 
6 7 
'7 7 7 
'7 7 'AS, 
6 7 7 
8 6 6 8; 
7 6/8 
9 2\8 7 8, 
9 C C 
"A 7 
D C, B 2 O 9 
D 3 9 	9 
D A 
A A 
Figure 3-3. Isothermal Map of Rulon on Sapphire Contact Area 
47 
CHAPTER IV 
TRIBOLOGICAL EXPERIMENTAL APPARATUS AND PROCEDURE 
This chapter discusses four tribo-experiments that were used 
to test the infrared radiation analysis system. 
A. Rulon Pin on Sapphire Disk  
A device was built by MY. Scott Bair that would allow a pin of 
5.1 mm diameter made out of "Rulon E" (a filled teflon) to be loaded 
against a reciprocating sapphire disk by air pressure (see Figure 4-1) 
The AGA 750 camera looked through the sapphire disk at the circular 
contact area between the pin and the sapphire. The sapphire disk was 
connected to a dc motor turning at 113 rpm by a mechanical link which 
caused the disk to reciprocate. The maximum sliding velocity was 11 
cm/sec. A load of 44N was applied to the pin and a recording was made 
of the signal produced by the infrared camera as it scanned the contact 
area of the pin (see Figure 4-2). The system infrared emission was 
recorded for seven seconds from start-up. 
B. Rulon Pin on Steel Plate  
This was the first of three experiments conducted at Mechanical 
Technology, Incorporated NTI) in Schenectady, New York. A 0.476 cm 
diameter Rulon pin was pressed against a reciprocating Nitrolloy (low 
alloy steel) plate. The pin was mounted stationary relative to the 
camera while the plate was forced back and forth in a reciprocating 
Figure 4-1. Rulon Pin on Sapphire Disk Experiment 
Figure 4-2. Thermogram of Rulon Pin on Sapphire Disk 
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motion by a DC motor (See Figure 4-3). The stroke length was 40 mm. 
A surface micro-thermocouple had been inserted in the metal surface 
in an attempt to measure the surface temperature to compare it with the 
IR measurement. The thermocouple is shown schematically in Figure 4-4. 
The camera was located to observe the steel surface as it emerged from 
under the pin. 
In this experiment the camera was switched to single line 
scanning and the vertical scanning prism was positioned such that the 
camera would scan one single line parallel to the motion of the plate 
and through the center of the track of the pin on the plate. Recordings 
were made of steady periodic operation using three speeds: 500 rpm, 
1000 rpm, 1500 rpm and three loads: 1.18 kg, 2.18 kg, 4.18 kg at each 
speed. A small strip of black non-glossy paper having an emissivity of 
0.9 was placed on the right side of the scanned line in order to provide 
a reference source of known emissivity and ambient temperature. The 
ambient temperature of 26C was assumed to be that of the reference source 
on the plate. A special triggering device designed by Mfr. Gene Clopton 
was used to externally trigger the vertical camera trigger pulse 
(normally produced by the camera itself). It was set up such that it 
would produce a vertical trigger pulse each time the sliding plate was 
in its left-most position. 
This triggering device as shown in Figure 2-2 produces a small 
infrared beam at a 30 degree angle that will be reflected back into a 
receiver by a reflecting strip of paper attached to the reciprocating 
device. As soon as the amount of radiation received goes from high to 
low it causes a vertical trigger pulse to be produced. A circuit 
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Figure 4-3. Rulon Pin on Steel Plate Experiment 
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Figure 4-4. The Thermocouple 
diagram of this triggering device can be found in Appendix J. 
C. Rulon Pin on Sapphire Plate  
This experiment was the second experiment conducted at MTI and 
a modification of the experiment described in Section 4B. (See Figure 
4-5). The 0.476 cm Rulon pin was caused to slide against a stationary 
sapphire plate and laoded with 1.18 kg, 2.18 kg and 4.18 kg at three 
velocities; 500 rpm, 1000 rpm and 1500 rpm at a stroke of 40 mm. Again 
the camera was set up to scan a single line parallel to the sliding 
motion of the pin and through the center of the pin. The vertical 
trigger mechanism was coupled to the DC motor such that it would cause 
a vertical trigger pulse at the point that the pin would attain its 
maximum velocity moving to the right. Only the right one-half of the 
cycle was being scanned because the use of the 66 mm extension ring 
limited the field of view of the camera to approximately half the 
stroke. The strip of black reference paper was not attached on the 
left of the pin and moved with the pin. 
D. Stirling Engine Seal Simulator  
This was the third experiment conducted at MTI. A Nitrolloy low 
alloy steel circular rod was reciprocating in and out of a circular 
Rulon seal. The stroke length was about 50 mm (See Figure 4-6). 
Recordings were made at four speeds: 300 rpm, 600 rpm, 900 rpm and 
1100 ipm and five seal pressures: 0 psi, 225 psi, 450 psi, 600 psi 
and 900 psi. The seal was loaded around the rod by means of air 
pressure. The camera was aimed such that it would scan a single line 
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Figure 4-5. Rulon Pin on Sapphire Plate 
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Figure 4-6. Stirling Engine Seal Simulator 
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perpendicular to the motion of the rod at the point immediately above 
the seal. A thermocouple was attached to a hex-nut that appeared on 
the left side of the picture and which would serve as a reference 
object of known emissivity and temperature. The emissivity of the nut 
was determined to be 0.98. The vertical trigger pulses were triggered 
as the rod was in its uppermost position and starting to move downward. 
CHAPTER V 
PRESENTATION OF THE RESULTS 
This chapter presents the results of the computer analysis of 
the infrared radiation data recorded during the experiments described 
in Chapter IV. 
A. Rulon Pin on Sapphire Disk  
The first analysis done on these data was a transient average 
temperature analysis of one line scanned through the center of the pin. 
It was found that the average temperature of the chosen line oscillated 
in a range of approximately two degrees C with a frequency of approxi-
mately 0.26 seconds. The maximum observed temperature during an observa-
tion period of seven seconds rose from 21C to 32C and was still slightly 
increasing at the end of the seven seconds of recovery. A plot of 
temperature versus time can be found in Figure 5-1. 
The oscillating frequency of the temperature corresponds to 
twice the rotational frequency of the DC motor (which ran at 113 RPM) 
and shows that the pin cools off by approximately two degrees twice 
during the cycle, and identifies the instance where the relative 
sliding velocity was zero (the reciprocating points). From Figure 5-1 
it can be seen that the temperature profile is different for the upward 
motion of the disk as compared to its downward motion. We attribute this 



























Figure 5-1. Rulon Pin nn Sapphire Disk center Line Temperature 
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Rulon pin was mounted was flexible and caused the pin to be moved 
upward and downward relative to the examined line. Since the tempera-
ture distribution over the pin is not uniform due to uneven loading. 
The camera would not see the same temperatures on the downward stroke 
as compared to the upward stroke. 
The maximum temperature of 32C is based on an emissivity of 0.3 
for the Rulon pin and may be considered an upper limit because the 
emissivity of the Rulon was later recalibrated and found to be approxi-
mately 0.9, which will lower the maximum temperature by several degrees. 
The ambient temperature was 21C. 
The second analysis concerned the plotting of an isothermal map 
of the contact using program ISO. The results are shown in Figure 3-3. 
The motion of the sapphire plate was vertical and downward. A hot spot 
on the contact can be found below the center of the contact and also a 
steep thermal slope can be observed on the trailing edge of the contact. 
B. Rulon Pin on Steel Plate  
An attempt was made to trace the temperature of a fixed point 
on the steel plate during part of the stroke in the 1500 rpm and 4.18 
kg load. Since the thermocouple could be clearly identified during 
each scan displayed by the computer during analysis, three points were 
chosen relative to the thermocouple (see Figure S-2). Their temperatures 
were recorded as a function of position on the screen during each scan 
where they were visible and the results were plotted. (See Figure 5-3). 
It was found that the surface temperature of the thermocouple 








































Figure 5-3. Rulon Pin on Steel Plate. 
Plate Temperature as a Function of Stroke 
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apparently because the thermocouple changed the local thermal resistance 
of the surface. However both the temperatures of the points to the left 
and right of the thermocouple as well as the thermocouple itself decayed 
slightly during the period in which they were observed. This was to be 
expected since the only energy input into the plate took place just before 
and after the observed period and thus only cooling could take place. 
The cooling rate was very small however as can be seen in Figure 5-3 
which is consistent with our findings in Section D of this chapter. 
In addition the temperature of the plate was recorded at a point 
fixed to the right of the Rulon pin as the plate was sliding by. A 
plot of plate temperature at this point versus cycle position is pre-
sented in Figure 5-4. The data points that are off the scale represent 
the thermocouple passing through the point being examined and form con-
venient reference points as to what instant in the cycle is being 
observed. From this graph the following information can be derived. 
As the plate moves to the right friction between the pin and the plate 
causes it to be heated as it emerges from under the pin. Since there 
is very little cooling taking place, the temperature seen at the right 
of the pin remains high even after the plate has started to move to 
the left again. It isn't until the plate has reached its leftmost 
position that the rightmost part of the plate slides under the point 
being observed. This part of the plate remains relatively cool since 
it never encounters the pin itself. The temperature seen at this 
point therefore is a low point in the graph. As soon as the plate starts 






Figure 5-4. Rulon Pin on Steel Plate. 
Plate Temperature at a fixed point relative to the AGA 750. 
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to increasing pin sliding velocities appear under the observed point and 
the temperature rises again to a maximum. If any significant cooling 
had taken place during the cycle the temperature should have dropped 
after the plate had reversed its direction from right to left. Since 
this is not the case we may conclude that an essentially constant 
temperature profile exists across the plate during the cycle where the 
middle of the plate which is subjected to highest pin velocities is 
hottest while the ends are coolest. 
The apparent scatter in the data is most likely caused by small 
DC voltage variations within the camera as well as the fact that the 
friction coefficient and emissivity are not constant during the cycle. 
Also the presence of the thermocouple causes a severe scatter of some 
of the data points. 
Since the temperature profiles are similar for all speeds and 
loads, a table was made recording the maximum and minimum temperatures 
found during each cycle of different rpm and loads taken at a point 
slightly to the right of the pin. (See Table 5-1) 
Even though the emissivity of the surface was calibrated with 
the camera and found to be approximately 0.05 we believe that it was 
higher because of the development of a Rulon transfer layer rubbed 
off on the steel. Therefore the data was analyzed at both an emissivity 
of 0.1 and 0.3 to give an upper and lower bound for the plate tempera-
ture. All temperatures were found to be decreasing with decreasing 
load and speed although the decrease from 100 kg to 50 kg load at each 
speed appeared to be smaller than expected. 
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1500 4.18 84 64 52 38 
2.18 79 64 48 39 
1.18 78 65 48 39 
1000 4.18 68 59 43 39 
2.18 62 46 40 32 
1.18 59 46 38 31 
500 4.18 56 44 38 29 
2.18 53 39 35 30 
1.18 53 38 36 29 
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C. Rulon Pin an Sapphire Plate  
The data from this experiment were examined for contact 
temperatures at the point of maximum velocity during the stroke as well 
as at the reciprocating point as the pin was in its rightmost position. 
The field of view of the camera was limited to the right half of the 
stroke and the temperature values at the very leftmost part of the screen 
are less reliable because of lens edge distortion. Therefore the 
temperatures for maximum velocity (being on the left hand side of the 
screen) were recorded as the pin was moving to the left as well as 
when it reappeared on the screen going to the right. These temperatures 
are based on an emissivity value for Rulon of 0.9 which was measured. 
The difference between the minimum and maximum temperatures during 
one stroke never exceeded 10C as can be seen in Table 5-2, and the 
maximum temperature observed was 66C at 1500 rpm and 4.18 kg. The high 
point was consistently found at the left hand side of the screen which 
corresponded to a higher velocity while the low point in the cycle was 
always found during the point of zero velocity at the right hand side of 
the screen. This was to be expected since the highest energy input into 
the pin occurs at highest velocities. From Table 5-2 it can also be 
seen that the temperatures decrease with loading as well as with 
velocity, although the decrease is very slight when comparing the results 
for 2.18 kg loading and 1.18 kg loading. 
A temperature profile of the pin as scanned by the camera can 
be found in Figure 5-5. This plot was produced with the EXPLORER III 











E = 0.9 
x position 
on screen 
1500 4.18 - 66 296 58 820 
65 389 
2.18 - 57 279 52 802 
58 177 
1.18 - 	53 338 47 761 
50 380 
1000 4.18 - 64 211 49 812 
57 270 
2.18 51 338 46 812 
SS 228 
1.18 - 49 245 43 718 
51 126 
500 4.18 - 58 287 48 803 
60 126 
2.18 55 110 47 803 
1.18 - 55 177 47 786 
56 177 
Note: A negative value indicates the pin was moving to the left. 
1500 RPM 
378 PSI RULON PIN ON SAPPHIRE PLATE 
PIN MOVEMENT 
1 SCAN 
Figure 5-5. Rulon on sapphire single Line Scan 
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digital oscilloscope. This figure presents the pin as it is moving to 
the left at 1500 rpm, at 4.18 kg loading. Similar plots have been made 
at different speeds and it was found consistently that at high loads 
the left side of the pin was hotter than the right side, regardless of 
the direction in which the pin was moving. We believe this was due to 
uneven loading during the movement of the pin. This is a reasonable 
explanation since we found that while we were making the first test 
runs with this apparatus the camera indicated that the bottom half of 
the pin was considerably hotter than the top half even though we thought 
initially that the pin and the sapphire were properly aligned. A new 
alignment corrected the problem but this clearly indicated the effect 
of even the slightest uneven loading. 
D. Stirling Engine Seal Simulator  
The data taken from this experiment were analyzed to find the 
highest and lowest temperatures during one cycle of steady state 
operation at each speed and seal pressure. These values can be found 
in Table 5-3. These temperatures were based on an emissivity for the 
steel of 0.05, which was based on measurements done with the camera at 
NTI. We feel however that these temperatures represent an upper limit 
in light of the fact that the surface of the rod was not as smooth as 
the sample we used for emissivity calibration and a slight oil film 
was present on the rod. This may have changed the emissivity to as 
high as 0.3, thus lowering the maximum observed temperature from 195C 
at 1100 rpm and 900 psi to 97C. 







E = 0.05 
Lowest 
( ° C) 	Temperature ( ° C) 
E = 0.05 
1100 900 195 153 
675 180 141 
450 159 123 
225 136 115 
0 123 104 
900 900 122 108 
675 122 109 
450 120 114 
225 115 105 
0 123 108 
600 900 142 119 
675 136 112 
450 124 106 
225 116 105 
0 114 106 
300 900 110 101 
675 111 104 
450 113 104 
225 115 104 
0 110 94 
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In general the temperatures observed decreased with pressure 
and velocity the only notable exception being the 900 rpm case where 
temperatures seemed to be fairly constant. We have no firm explanation 
for this phenomenon other than the fact that the 900 rpm runs were made 
as a last minute decision immediately after all other runs had been done, 
the previous one being the 1100 rpm run. Since the recordings at 900 
rpm were made in order of increasing pressure it is conceivable that the 
rod had not had a chance of cool off adequately from the 1100 rpm run 
and thus caused the low pressure case temperature readings at 900 rpm 
to be too high. This explanation seems particularly likely since 
further analysis of our data as presented in this section indicates that 
the cooling rate of the rod was considerably longer than its heating rate. 
A plot was made of the temperature at the center of the rod 
as a function of time for the 600 rpm, 900 psi case. The results are 
found in Figure 5-6. Originally we had expected the temperature to be 
higk as the rod would come up out of the seal and lo;,.; due to air cooling 
as it would move downward into the seal. However it was found that the 
temperature profile was essentially symmetrical with respect to the lower 
reciprocating point in the stroke, i.e., the rod's temperature profile 
was nearly identical for the downward part of the stroke and the upward 
part. This indicates that during steady state operation the cooling 
rate of the rod is slow compared to the mechanical cycle time which 
controls the heating. Therefore the thermal mass causes the temperature 
profile over the rod to remain essentially unchanged during the down-
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Figure 5-6. Stirling Engine Seal Simulator Rod Temperature 
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enter the seal at low velocities the temperature remains low at these 
points while the middle of the rod remains hottest because it always 
enters and leaves the seal at highest velocity. 
Another interesting aspect of Figure 5-6 is that the tempera-
ture decreases slightly at the point of highest velocity in the stroke 
and thus causes a "dip" in the graph at both peaks. We think that this 
is caused by an oil film being developed at the high velocities. 
(A thin layer of oil was present on the rod.) Frictional energy is 
in part a product of velocity and load. As the velocity increases the 
friction may decrease if an oil film forms between the two rubbing 
surfaces. If the decrease in friction offsets the increase in velocity, 
the temperature will decrease locally. 
The apparent scatter of the data points in Figure 5-6 is due to 
an interfering signal picked up during the recording, a slight fluc-
tuation in the DC level of the camera, and friction coefficient varia-
tions during the stroke. 
A radiation profile was plotted using the EXPLORER III digital 
oscilloscope and can be found in Figure 5-7. This figure represents 
one scanned line across the rod as it emerges from the seal at 300 rpm 
and 900 psi. 
STEEL ROD 
HEX NUT 
1 SCAN 	 
300 RPM 
000 PSI 
STIRLING ENGINE SEAL SIMULATOR 
Figure 5-7. Stirling Engine Seal Simulator single Line Scan 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
From the analysis of the four friction experiments we conclude 
that the system can calculate surface temperatures and display surface 
temperature profiles on scanned lines. The single line scanning modi-
fication proved to be very useful for temperature observations in high 
velocity situations. The external triggering device performed well in 
starting each scanned line at approximately the same point in the cycle 
although reference points on the object itself as seen by the camera 
proved more useful for easy cycle position identification. 
A. The Computer-aided IR System  
One of the main limitations of the AGA 750 is its spotsize 
over which radiation is integrated. With the extension rings and lens 
employed to give a flat field the diameter of this spotsize is somewhat 
less than one-tenth of the scan width. If the area from which the 
radiation is received is known, then temperatures on an area whose diam-
eter is 0.13 mm could be measured. Another limitation is the necessity 
of having a calibrated reference object with known emissivity and 
temperature in the field of view in order to be able to calculate 
absolute temperatures. The main limitations of the computer analysis 
aspect of the system were: 
1. memory size 
2. computing speed 
3. data transfer speed and reliability 
4. limited hard copy output 
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Possible sources of error introduced by the system are: 
1. integration of temperatures over a finite region due to 
finite resolution, 
2. uncertainty in reference temperature and emissivity, 
3. uncertainty in object emissivity which may vary with 
temperature, 
4. varying DC level of the camera, 
5. amplifier instability during signal amplification, 
6. inaccuracies in the calibration curve used by the 
computer, especially in calculating temperatures less 
than 60C which requires extrapolation. 
In view of these limitations the following recommendations for 
future use of the system can be made: 
1. Fresnel lenseS can be used to pre-magnify the object. 
2. Screens with known emissivity and a known hole size smaller 
than the spotwise of the camera may be used to find tempera-
tures at small spots. 
3. The calibration curve mentioned on page 41 can be recalibrated 
for temperatures less than 60C. 
4. Use of a computer with more core memory and a BASIC Compiler 
rather than a BASIC interpreter will greatly speed up the 
data processing. 
5. Use of high-speed mass storage like floppy disks rather 
than cassette tapes will cut the data transfer time by a 
factor of 100. 
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6. A matrix printer terminal rather than a teletype terminal 
will greatly speed up and improve the quality of hard 
copy output. 
B. The Friction Experiments  
Both in the Rulon-on-steel and the stirling engine seal experi-
ments it was found that the surface cooling time was long in comparison 
with the cycle time of the device. As a result a temperature pattern 
was created on the surface that remained during the cycle. Radiation 
profiles of the steel plate in the Rulon-on-steel experiment showed 
that the presence of the thermocouple changed the thermal characteristics 
of the surface due to a changed thermal resistance. From the Rulon-on-
sapphire experiments we learned that alignment of the specimen had a 
major influence on the temperature distribution across the contact 
surface of the pin. 
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